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The observed global warming of the past century occurred primarily in two distinct 20-year periods, from 1925 to 1944 and from 1978 to the present. Although the latter warming is often attributed to a human-induced increase of greenhouse gases, causes of the earlier warming are less clear because this period precedes the time of strongest increases in human-induced greenhouse gas (radiative) forcing. Results from a set of six integrations of a coupled ocean-atmosphere climate model suggest that the warming of the early 20th century could have resulted from a combination of human-induced radiative forcing and an unusually large realization of internal multidecadal variability of the coupled ocean-atmosphere system. This conclusion is dependent on the model's climate sensitivity, internal variability, and the specification of the time-varying human-induced radiative forcing.
Confidence in the ability of climate models to make credible projections of future climate change is influenced by their ability to reproduce the observed climate variations of the 20th century, including the global warmings in both the early and latter parts of the century (1) . Several climate models accurately simulate the global warming of the late 20th century when the radiative effects of increasing levels of human-induced greenhouse gases (GHGs) and sulfate aerosols are taken into account (2) (3) (4) . However, the warming in the early part of the century has not been well simulated using these two climate forcings alone. Factors which could contribute to the early 20th century warming include increasing GHG concentrations, changing solar and volcanic activity (4 -6) , and internal variability of the coupled ocean-atmosphere system. The relative importance of each of these factors is not well known.
Here, we examine results from a set of five integrations of a coupled ocean-atmosphere model forced with estimates of the time-varying concentrations of GHGs and sulfate aerosols over the period 1865 to the present, along with a sixth (control) integration with constant levels of greenhouse gases and no sulfate aerosols. In one of the five GHG-plus-sulfate integrations, the time series of global mean surface air temperature provides a remarkable match to the observed record, including the global warmings of both the early (1925) (1926) (1927) (1928) (1929) (1930) (1931) (1932) (1933) (1934) (1935) (1936) (1937) (1938) (1939) (1940) (1941) (1942) (1943) (1944) and latter (1978 to the present) parts of the century. Further, the simulated spatial pattern of warming in the early 20th century is broadly similar to the observed pattern of warming. Thus, we demonstrate that an early 20th century warming, with a spatial and temporal structure similar to the observational record, can arise from a combination of internal variability of the coupled ocean-atmosphere system and humaninduced radiative forcing from GHG and sulfate aerosols. These results suggest a possible mechanism for the observed early 20th century warming.
The coupled ocean-atmosphere model that was used, developed at the GFDL, is higher in spatial resolution than an earlier version used in many previous studies of climate variability and change (7, 8) , but it employs similar physics. The coupled model is global in domain and consists of general circulation models of the atmosphere (R30 resolution, corresponding to 3.75°longitude by 2.25°l atitude, with 14 vertical levels) and ocean (1.875°longitude by 2.25°latitude, with 18 vertical levels). The model atmosphere and ocean communicate through fluxes of heat, water, and momentum at the air-sea interface. Flux adjustments are used to facilitate the simulation of a realistic mean state. A thermodynamic sea-ice model is used over oceanic regions, with ice movement determined by ocean currents.
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The first integration is a 1000-year control case, with no year-to-year variations in external radiative forcing. After a small initial climate drift over the first 100 years, the coupled model is very stable for the remaining 900 years of the integration. In the other five integrations, an estimate of the observed time-varying concentrations of GHGs plus sulfate aerosols (9 -11) is used to force the model over the period 1865-2000. The radiative perturbations associated with sulfate aerosols are modeled as prescribed changes in the surface albedo. The latter five integrations are identical in experimental design, with the exception of the initial conditions, which were selected from widely separated times in the control integration after the first 100 years. These integrations have previously been used to assess regional trends in observed surface temperature over the latter half of the 20th century (12) .
Time series of annual mean, global mean surface temperature are constructed from both observations (13) and the model integrations using surface air temperature over land and sea-surface temperature (SST) over the ocean. The surface temperature time series from the five GHG-plus-sulfate integrations (Fig. 1A) show an increase over the last century, which is broadly consistent with the observations. The individual runs, denoted as experiments 1 through 5, form a spread around the observations, indicating the internal variability inherent in the model.
One of the integrations (experiment 3, shown in Fig. 1B) shows a remarkable similarity to the observed record, including the amplitude and timing of the warming in the early 20th century. Because the model includes no forcing from interdecadal variations of volcanic emissions or solar irradiance, this suggests that the observed early 20th century warming could have resulted from a combination of human-induced increases of atmospheric GHGs and sulfate aerosols, along with internal variability of the ocean-atmosphere system.
Given that a combination of internal variability and GHG and sulfate aerosol radiative forcing is able to produce a simulated early 20th century warming similar to that of the observed record, we can assess how likely such an occurrence is in the model. We first note that over the period 1910 -1944, the linear trend in observed temperature is 0.53 K per 35 years, whereas the trend in the fivemember ensemble mean is 0.21 K per 35 years; the difference between the two is 0.32 K per 35 years. We wish to evaluate the likelihood that the trend from a single realization of this model (such as experiment 3) would exceed the ensemble mean by 0.32 K per 35 years (as is the case for the observations). Using information from the long control integration (14), we estimate that such a difference between a single realization and an independent five-member ensemble mean occurs approximately 4.8% of the time, demonstrating that although the 1910 -1944 trend is a relatively rare occurrence for this model, it is still within the range of possibilities.
We now assess whether internal variability alone can account for the observed early 20th century warming, or if the radiative forcing from increasing concentrations of GHGs is also necessary. Over the period 1910 -1944 (which encompasses the warming of the 1920s and 1930s), there is a linear trend of 0.53 K per 35 years in observed global mean temperature. If internal variability alone can explain this warming, comparable trends should exist in the control run. Linear trends were computed over all possible 35-year periods, using the last 900 years of the control run (i.e., years 101-135, 102-136, . . ., 966 -1000). For each 35-year segment, the time-varying distribution of observed data over the period 1910 -1944 was used to select the model locations for calculating the global mean. The maximum trend in any 35-year period of the control run is 0.50 K per 35 years. This suggests that internal model variability alone is unable to explain the observed early 20th century warming.
In terms of regional structure, the observed early 20th century warming shows a pronounced maximum at higher latitudes of the Northern Hemisphere (Fig. 2, top left) . A similar warming at high latitudes of the Northern Hemisphere is also seen in experiment 3 (Fig. 2, top right) , thereby lending credibility to the possibility that the model warming arises from physical processes similar to those important for the observed warming. The four other GHG-plus-sulfate experiments show a range of variability in the early part of the record, illustrating the internal variability of the model. Interestingly, a warming at high latitudes of the Northern Hemisphere is seen in the late 1800s of experiment 1, illustrating that aspects of the warming seen in the 1920s and 1930s of experiment 3 occur at other times. Also notable is the pronounced high northern latitude cooling in the 1920s and 1930s that occurs in experiment 5. A more general warming occurs over the last several decades in all the experiments and in the observations, suggesting a robust forced response of the climate system during this period to increasing concentrations of GHGs (2-4) .
The spatial pattern associated with the early 20th century warming is further evaluated by computing linear trends over the period 1910 -1944 at each grid point for both the available observations and experiment 3 (Fig. 3) . For the observations, the warming is largest in the Atlantic and North American regions. Although the ensemble mean trend (Fig. 3B) shows a more spatially homogeneous pattern of warming (as expected from ensemble averaging), the pattern from experiment 3 (Fig. 3C ) bears a considerable resemblance to the observed trend. There are relatively large regional differences, however, in the northwestern North Atlantic. We can evaluate the degree to which the observed local temperature trends are consistent with the local temperature trends of the ensemble mean, taking into account the internal variability of the model. Using a local t test, the gray shading in Fig. 3D denotes regions where the observed and simulated trends are consistent, whereas color shading denotes re- gions where the observed and simulated trends are significantly different at the P ϭ 0.10 level according to the local t test (15) . By this measure, the differences in the trends over the northwestern Atlantic are not statistically significant. However, the observed warming in the tropical and subtropical Atlantic is significantly underestimated by the model. Additional characteristics of the simulated warming for which no comparable direct observations are available can also be evaluated. The ensemble mean model output was timeaveraged over the period , and then subtracted from the 1921-1944 timemean of experiment 3. These differences denote the characteristics of the internal variability associated with the 1920s and 1930s warming in experiment 3. The warming was largest in the high-latitude North Atlantic, and the Nordic and Barents Seas. The upper oceans in these regions were characterized by increased temperature, salinity, and density, along with reduced sea-ice cover which extended into the Arctic. The reduction in sea- Several important caveats must be considered when interpreting the results of this study. First, the model has a cold bias in the climate of the North Atlantic, leading to more sea ice than is observed in that region. Second, the simulated standard deviation of SST anomalies is larger in some parts of the North Atlantic than has been observed. The combination of these factors may lead, through ice-albedo feedback, to multidecadal variability which is larger than that of the real climate system, thereby influencing the interpretation of the above results. To shed light on this, analyses similar to those above (14) were conducted on an additional 500-year control integration, using a version of the model in which the sea-ice bias in the North Atlantic was reduced through an altered initialization procedure. In ϳ2.3% of the cases for that integration, the difference between a single 35-year segment and the mean of five other 35-year segments exceeded 0.32, thereby indicating a reduced likelihood (2.3%) of a single integration capturing the early 20th century warming compared with the primary model employed for this study (4.8%).
From a different perspective, a recent study (22) concluded that the high-latitude variability in a model can be rather dependent on the sea-ice model used. Unfortunately, the shortness of the instrumental record, particularly at high latitudes, makes the evaluation of model variability on multidecadal time scales extremely difficult. It is, therefore, of paramount importance to further develop and augment the instrumental and proxy records of climate variability on decadal to centennial time scales, as well as to improve modeling capabilities.
The results of this study depend on the climate sensitivity of the model, defined as the equilibrium temperature response to a doubling of atmospheric CO 2 . If the climate sensitivity were smaller, then one would need either larger internal variability or additional radiative forcings to capture the early 20th century warming. The climate sensitivity of this model is approximately 3.4 K, which is in the upper half of the 1.5 to 4.5 K range cited by the Intergovernmental Panel on Climate Change (23) . In addition, the ensemble mean warming simulated by the GFDL model over the period 1945-1995 is larger than some other coupled models (24, 25) .
A recent comprehensive study (4) of the simulated climate of the 20th century suggested that there could be some contribution of solar forcing to the warming in the early part of the 20th century, but its quantification is problematic. Additional work (26) showed that detecting a solar influence in the early 20th century depends on which solar forcing reconstruction is used. Because the integrations used here do not contain interdecadal variations of volcanic or solar forcing, we can make no assessment of the potential contri- bution of those forcings to the warming of the early 20th century. However, these results do suggest that attempts to extract the response to solar forcing by correlating estimates of solar forcing with the observed temperature record can be misleading. Although some estimates of solar forcing do correlate with the observed record, they also correlate well with our experiment 3. If the simulated variability and model response to radiative forcing are realistic, our results demonstrate that the combination of GHG forcing, sulfate aerosols, and internal variability could have produced the early 20th century warming, although to do so would take an unusually large realization of internal variability. A more likely scenario for interpretation of the observed warming of the early 20th century might be a smaller (and therefore more likely) realization of internal variability coupled with additional external radiative forcings. Additional experiments with solar and volcanic forcing, as well as with improved estimates of the direct and indirect effects of sulfate aerosols, will help to further constrain the causes of the early 20th century warming. Our results demonstrate the fundamental need to perform ensembles of climate simulations in order to better delineate the uncertainties of climate change simulations associated with internal variability of the coupled ocean-atmosphere system.
